In this paper we propose using Array Waveguide Gratings (AWGs), working in the visible range, in order to implement the technique of Wavelength-Division-(de)Multiplexing for multi-point stimulation of deep-brain neurons. We've developed a CMOS compatible fabrication process and fabricated two sets of AWGs, working in the red and blue wavelengths. Experimental data demonstrating the functionality of these AWGs is presented.
INTRODUCTION
In recent years, a new class of light-gated ion channels (the "opsins") have been discovered and genetically engineered to control neural modulation.
1, 2 Since the original discovery, the toolkit for Neural modulation using light has seen tremendous developments. 3 What still lags behind, however, is an appropriate technology to target light to opsin-expressing neurons with high spatial resolution and wide coverage in three dimensions.
In the past five years several approaches have been proposed to create optical neural probes offering some degree of spatial and temporal resolution. For example, a micro machined, silicon based prototype containing multiple emission pixels was proposed in 2012. 4 These probes are built as a matrix of individual silicon shanks (the linear part of the probe inserted into the brain), where each shank contains a dozen emitting pixels, each driven by an individual waveguide. The waveguides, in turn, are butt-coupled to a fiber bundle, resulting in excessive loss of light, and a rather bulky solution. A different approach, in which a tapered fiber is curved with several output windows was recently presented. 5 It succeeded in demonstrating individually controlled illumination through each window. Although very appealing, there is no clear path for scaling this approach in order to create dense illumination points. An alternative approach is based on the integration of microscale Light Emitting Diodes (µLEDs) directly on the probe's shank, 6, 7 at the precise location where illumination is required. Using this approach, probes having several µLEDs were demonstrated recently. Although this technology is promising, heat dissipation presents a very significant obstacle to the deployment of such an architecture for brain stimulation.
WAVELENGTH DIVISION MULTIPLEXING
Our alternative approach for delivering and addressing multiple illumination points deep into the brain is based on the technique of wavelength division (de)-multiplexing (WDM). WDM was originally developed in the field of optical communication in the IR, with the purpose of delivering many data channels over a single communication link. 8 In this approach the spectrum of the communication link is divided into a set of spectral channels, each channel with its own specific target at the receiver side. The transmitter has the ability to split the source into specific spectral channels, individually modulate each one of them according to their data pattern, and then multiplex them back together and send them over the physical link. The receiver, in turn, has the ability to demultiplex the incoming light into its spectral components and route each channel to its target.
In this paper we report on the development of Silicon Nitride (Si3N4) based Array Waveguide Grating devices (AWGs) working at red (673 nm) and blue (473 nm) wavelengths. These AWGs can serve as the receiver building block, essential for the implementation of the WDM concept in visible wavelengths. High resolution AWGs working in the IR has been developed for almost two decades, 9, 10 but nevertheless, AWGs have only rarely been implemented in the visible range, 11 and to the best of our knowledge have never been implemented in the blue. Si3N4 is an excellent material when targeting visible light due to its negligible absorption at that range, relatively high refractive index, and compatibility with Complementary Metal Oxide Semiconductor (CMOS) fabrication process. In addition, it is considered relatively highly biocompatible, 12 which is an important consideration when targeting implantable applications.
FABRICATION PROCESS
We have developed a fully compatible CMOS fabrication process for Si3N4 based photonic circuits, which is illustrated in Fig. 1 . The fabrication process starts with a 4" silicon wafers on which we thermally grow 1.5µm of Silicon Oxide (SiO2) at 1000
• C. This layer is required for separating and isolating the Si3N4 waveguides from the absorptive Silicon wafer. Following, we deposit 200 nm of stoichiometric Si3N4 using low pressure chemical vapor deposition process (Rogue Valley Microdevices INC). This thickness was chosen so we would be able to construct the AWG using single mode, polarization insensitive waveguides, having a cross-section of 200 nm × 200 nm, and to insure compact devices.
Electron-beam (e-beam) writing process is used for patterning the photonic circuits. First the wafer is thoroughly cleaned in Nano-Strip for 5 minutes followed by a quick dip in buffered Hydrofluoric acid. Next, it is dehydrated on a hot-plate (145
• C) for 5 minutes, and then kept in Bis-trimethylsilyl-amine (HMDS) vapor environment for at least 10 minutes. Only then it is spin-coated with Ma-N 2403 (MicroChem Corp) e-beam resist, followed by a post-bake of 1 minute at 90
• C. This thorough preparation process is necessary in order to insure proper adhesion of the Ma-N 2403 e-beam resist to the Si3N4 layer. A Vistec EBPG-5000+, a 100kV e-beam lithography tool, is used to write the photonic patterns at a dose of 250 µC/cm 2 . We found that adding a resist re-flow step after the e-beam development step significantly improves the smoothness of the photonic waveguides. Samples are kept in a 145
• C oven for 5 minutes, and then are cooled down at room temperature. This step also improves resist durability in the following etch process. A SEM image showing an example of the waveguide smoothness is shown in Fig 1(e) .
The pattern is transferred to the Si3N4 layer using Inductively Coupled Plasma (ICP) etch process ( Fig. 1(b) ). We use pseudo-Bosch etch recipe composed of low power ICP in a composition of C4F8 and SF6 atmosphere. The power and atmosphere composition is set to insure a low etch rate of about 15 nm/min, in order to increase waveguide smoothness. After stripping the residual e-beam resist, we clad the photonic circuits by depositing 1 µm of SiO2 using a Plasma Enhanced Chemical Vapor Deposition (PECVD) process.
The last step of the fabrication process involves releasing the individual devices from the 4" wafer. Although dicing the wafer or even just scribing and breaking it would work for test devices, these processes are not compatible with the fabrication of complex geometries required for neural probe. For this reason we have developed a backside DRIE etch process. This process starts by depositing 300 nm of Aluminum Oxide (AlO) on the back side of the wafer. Next we use a photolithography process based on AZ 5214 photo-resist (MicroChem Corp) to pattern the boundaries of individual devices. The development of the resist using AZ 400k developer (MicroChem Corp) also etches away the AlO, thus completely transfers the pattern from the photo-resist to the AlO hard mask. The etch sequence begins with a pseudo-Bosch process, which etches through the Si3N4 and SiO2 layers on the backside of the Silicon wafer. Subsequently a DRIE process is used to etch trenches tranches in the wafer. The topside SiO2 serves as a stop layer for this process. This long etch completely etches away the photoresist mask, leaving only the AlO mask. This mask can be removed by dipping the wafer in AZ 400K developer, if desired. As a proof of concept we have designed and fabricated two sets of AWG devices. Our initial designs (Device A) had a center wavelength of 673 nm, and featured one input and seven output channels. This center wavelength was chosen given the availability of tunable laser sources in this range, and the full compatibility of the design and fabrication process with the next step of adjusting the AWGs to the blue. This step mainly involved scaling down the dimensions of the AWG, and fine adjustment of the fabrication process. An AWG design (Device B), centered around 473 nm is shown in Fig 2(a,b,d) , and has one input and nine output channels. Coupling of the AWG to the measurement setup is done by terminating its input and output ports with grating couplers. The design steps have followed the detailed theoretical derivation described in Refs., 9, 10 and the main parameters are listed in table 1. The footprints of these AWGs are on the order of 0.02 mm 2 , well suited for integration into compact neural probe designs.
AWG DESIGN FABRICATION AND MEASUREMENTS
Our setup for measuring the AWG is shown in Fig. 2(c) . The input port of the AWG is connected to a laser. Device A is connected to a high resolution tunable red laser (Newport), whereas device B is driven by a supercontinuum laser (WhiteLase micro, Fianium). The output channels of design A are visualized by a ChargeCoupled Device (CCD) camera, which continuously monitor the channels while the wavelength of the input laser is swept. The transmitted power through each channel is calculated by integrating the image gray-level values over the effective area of the corresponding grating coupler of that channel. The drawback of this method is its rather low dynamic range and high levels of background noise. The output channels of design B are coupled to an optical fiber, and the power is measured by a spectrometer.
Subplots (a) and (b) of Fig. 3 show measurements of the output optical power spectrum of devices A and B, respectively, as a function of the wavelength. Each graph contains several curves, plotted using distinct colors, corresponding to different output channels of that device. Device B demonstrates channel separation levels of 3−6 dB. The noise floor measured with this device, however, is the noise floor of the spectrometer, rather than of the AWG. Thus the signal-to-noise ratio and channel separation can be improved by increasing the input power to the AWG. Future experiments would address this issue.
CONCLUSIONS
We have functionally demonstrated AWGs working in the red and blue wavelengths. Such devices can be used as building blocks for implementing the WDM technique in the visible range. The fabrication process of these AWGs is fully compatible with CMOS-photonics fabrication processes. These AWGs have small foot-print, thus can be easily integrated into silicon based optical probes in future research. E.S. is supported by the Kavli postdoctoral fellowship in nanoscience. This work was supported by NSF award number 1265055 and DARPA award number W911NF-14-1-0006.
